
Theoretical Studies of Chemical Reactions—A Fascinating World

of Chemistry from Gas-Phase Elementary Reactions through

Nanostructure Formation and Homogeneous Catalysis

to Reactions of Metalloenzymes

Keiji Morokuma

Fukui Institute for Fundamental Chemistry, Kyoto University, Kyoto 606-8103

Cherry L. Emerson Center for Scientific Computation and Department of Chemistry, Emory University,

Atlanta, Georgia 30322, USA

Received July 26, 2007; E-mail: morokuma@fukui.kyoto-u.ac.jp

Theoretical/computational studies of chemical reactions provide insight into detailed pathways and energy profiles
that are not easily available from experiments. Although finding the potential energy profile for ground-state reactions of
small molecular systems has become routine, there are many challenges in theoretical studies of chemical reactions.
There are still a lot to learn from gas-phase reactions of small molecular systems, starting from an excited state and cas-
cading though many potential surfaces via conical intersections. Molecular dynamics using quantum mechanical energy
(QM/MD) was found to be an ideal tool for study of reactions occurring far from equilibrium, such as formation of full-
erenes from small carbon fragments and growth of carbon nanotubes. Challenges in theoretical studies of homogeneous
catalysis are subtle ligand effects, involvement of multiple spin states and cooperative effects of multiple metal centers.
Discussions here cover stories on activation of molecular nitrogen by zirconium complexes, olefin epoxidation by Salen
complexes and reactions of tri-ruthenium complexes. Metalloenzymatic reactions have been discussed using protein
models with ONIOM QM:MM approaches as well as active site models. Cases are presented where the enzymatic en-
vironment makes rather small effects, where it makes energetically significant effects and where it participates positively
into the reaction coordinate.

1. Introduction

The chemical reaction, a central theme of chemistry, is
usually a complicated sequence of bond-breaking and forma-
tion processes and takes place in gas phase, in solution, on
surfaces and interfaces as well as in protein and other bio-
logical environments. Modern experimental studies give accu-
rate measurements of rates, selectivity, branching ratios, mech-
anisms, and dynamics of chemical reactions. Theoretical
studies of chemical reactions started soon after the quantum
mechanics was discovered. Earlier theoretical studies were
mostly limited to reactivities of �-electron systems using the
Hückel method, but they nevertheless have led to major dis-
coveries including symmetry rules in organic reactions. When
the author started his graduate studies exactly fifty years ago,
the only ‘‘computer’’ available for frontier density calculations
was a hand-driven calculator (Fig. 1), which is estimated to be
at least 1015 slower than the present supercomputer. Thanks to
the development of high-accuracy theoretical methods and
availability of high-speed computers, theoretical calculations
nowadays can provide detailed and reliable information as to

potential and free energy surfaces, transition states, reaction
pathways as well as dynamics of chemical reactions; some
of such information is very hard to obtain experimentally

Fig. 1. Hand-driven calculator used in Kenichi Fukui’s
laboratory in 1950’s, presently on display at the 100-Year
Memorial Hall of Kyoto University.
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and is thus complimentary to experiments. However, theory
often simplifies and approximates the complicated real re-
action system and needs to be verified experimentally. There-
fore, strong collaboration between theory and experiment is
essential for understanding of chemical reactions.

The availability of user-friendly software and high-speed
computers, as well as the advent of qualitatively reliable and
yet computationally less demanding quantum chemical meth-
ods (such as density functional theory (DFT)), popularized
theoretical studies of chemical reactions. Any experimentalist
can buy such a software and a few PCs and calculate routinely
with a reasonable accuracy structures and energies of reac-
tants, transition states, intermediates, and products of chemical
reactions in the ground state involving up to 50 or so atoms. In
a sense, theory/computation became a tool available to every-
body, as NMR, IR, and other measurements did. It is nowadays
nearly impossible to find major experimental papers without
theoretical/computational discussions. However, a word of
warning may be in order concerning untrained and nondis-
criminatory use of computational results. These convenient
program packages can give wrong results, if inappropriate
methods or approximations are used. It often requires expertise
or extensive training to find out right from wrong and to ana-
lyze the results correctly. Collaboration with or at least advice
from experts is strongly recommended, at least at early stages
of theoretical studies performed by experimentalists.

Although many problems of chemical reactions have been
solved or can be routinely answered by existing theoretical
methods, there are also many challenges that need to be
resolved by theoretical studies. One of such challenges are
chemical reactions in excited states. Excited states are much
harder to correctly describe quantum mechanically; for in-
stance, popular density functional approaches had limited
successes here. Excited-state reactions usually involve many
electronic states and take place by cascading through these
potential energy surfaces via conical intersections or seam of
crossing between states of different spin states. Another grand
challenge is reactions in complex systems, including reactions
in solution, on surfaces and in biological environments. The
main stream of chemistry has been moving toward develop-
ment and design of more and more complex molecular sys-
tems. Such systems are often too large to be handled by con-
ventional quantum chemical methods and have too many
degrees of freedom to describe potential energy surfaces in a
conventional manner. One has to utilize all available theoreti-
cal methods, not only quantum chemistry but also molecular
dynamics and statistical mechanics, to address to these com-
plex problems. ‘‘High-accuracy simulation of complex molec-
ular systems’’ is one of the new challenges for theoretical
chemistry.

The potential energy surface is the most basic information
needed for theoretical studies of chemical reactions. Quantum
chemists over the years developed a series of approximate
theoretical methods to describe potential energy surfaces.
High-level ab initio methods can accomplish chemical accu-
racy (<1 kcalmol�1); however, their high-order dependency
(�N6) on the size of molecule prevents it to be used routinely
for molecules with more than tens of non-hydrogen atom, de-
spite recent advent of linear-dependent algorithms and paralle-

lization. Density functional methods give mid-level (�5

kcalmol�1) accuracy at mid-level cost and size-dependency.
Semiempirical methods are low cost alternatives with lower
reliability. Classical molecular mechanics (MM) force field
is very fast and can be applied to very large (>106 molecules)
systems; however, its reliability is limited and cannot usually
handle bond-breaking or formation. It is therefore impossible
to simulate reactions of a complex molecular system (say
104 atoms) accurately for long periods of time (say 10�9 s)
using a single level of method. In order to solve such a de-
manding problem, it is almost mandatory to adopt a combina-
tion of these methods or a hybrid method; for instance a highly
accurate but costly method for the most important part (say
where the reaction is taking place), a medium-accuracy medi-
um-cost method for the immediate neighborhood and an even
less accurate and less costly method for the environment. The
most popular hybrid method is what is called QM/MM meth-
od, in which a quantum mechanical method (QM) is combined
with the MM method.1 The ONIOM method developed in our
group allows combination of various levels of theory in multi-
ple layers, including QM:MM, QM:QM, and QM:QM:MM.2

Unfortunately whenever one combines QM and MM, there
arises a nasty arbitrariness of scaling charges in the interface
region, and we advocate the QM:QM:MM three-layer method
as means of avoiding such complications.2g

With all the above background in mind, in the present
article we will briefly review some of our own recent studies
toward these challenges of theoretical studies of chemical
reactions. This is still a fascinating world of chemistry.

2. Gas-Phase Excited-State Reactions—A
Case of Photodissociation of Chlorine Azide

(ClN3) to Produce ‘‘Cyclic-N3’’

A photochemical reaction starts from an excited electronic
state with large electronic energy. The potential energy surface
of one electronic state with 3N-6 degrees of freedom can cross
with other potential energy surfaces in 3N-8 degrees of free-
dom, and these crossings (called conical intersections) are
the most likely places where the system makes transition from
one electronic state to another. The reaction takes place by cas-
cading through multiple excited states to reach multiple prod-
ucts. Experimentalists can use lasers to excite a molecule to
many different excited states, almost as they wish, and observe
different products, rate, dynamics of such reactions. However,
it is very hard to interpret the experimental results solely based
on chemists’ commonsense that has been built mainly for
ground-state reactions. In order to understand what is actually
taking place during the photochemical reaction, it is almost in-
dispensable to mobilize the help of theoretical computations.
We have collaborated strongly for many years with experimen-
talists in photodissociation reactions as well as ion–molecule
reactions, which usually start from the ground-state reactants
of an ion and a neutral molecule but cascade through many
potential energy surfaces to product a series of products in
ground and excited states.3 In the present article, we will show
one recent example of our studies: photodissociation of ClN3

at 157 nm to produce ‘‘cyclic’’ N3.
The photodissociation of ClN3 has been recently studied ex-

perimentally at a variety of excitation energies ranging from
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115.3 to 181.6 kcalmol�1.4 One interest in these experiments
is producing ‘‘cyclic’’-N3, i.e. the triangular N3 isomer. The
cyclic-N3(

2B1), an isosceles triangle with the apex =�NNN =
49.8� and the two equal N–N bond lengths of 1.4661 Å, lies
about 30 kcalmol�1 above the linear ~XX2�g ground state and
is separated from the latter with a large barrier.3b Two dissoci-
ation pathways were observed, i.e. a molecular elimination
producing NCl + N2 and a radical bond rupture producing
Cl + N3. The radical bond rupture pathway is overwhelmingly
preferred and produces a mixture of linear ground-state N3 and
a ‘‘high-energy form’’ (HEF)-N3 attributed to the cyclic N3. In
the recent 157.4 nm experiment,4c HEF-N3 was the exclusive
N3 photoproduct.

Our recent theoretical calculations (Kerkines, Wang, et al.)5

showed that the 157 nm excitation brings the system to the
seventh singlet excited state S7 (41A0) of ClN3. Dynamics of
the molecule excited to S7 at the Franck–Condon geometry
(t ¼ 0) was followed by a trajectory adopting a high-level ab
initio method (sa(4)-CASSCF(14e/12o)/6-31G�). This excit-
ed molecule was found to dissociate to N3 + Cl smoothly
without going over a barrier. At the instance of dissociation
(t ¼ 39:9 fs), the produced N3 has a bent geometry of =�NNN
of 126� and NN distances of 1.27 and 1.37 Å and is in 2 2A00

(2B1 in C2v notation) or 2
2A0 (2A1) excited electronic state of

N3, corresponding approximately to mark in Fig. 2 (a cut of
potential energy surfaces of N3 as function of =�NNN assuming
C2v symmetry with two equal NN distances of 1.41 Å). The
trajectory of N3 starting at this geometry (removing Cl atom)
on the 2 2A00 (2B1) cannot isomerize to ‘‘cyclic’’ N3 due to a
high barrier at =�NNN � 85�. On the other hand, the N3 trajec-
tory on 2 2A0 (2A1) found a conical intersection with 1 2A0

(2B2) at t ¼ 44:4 fs, corresponding approximately to the first
mark in Fig. 2. The non-adiabatic coupling between the

two states is small, and the trajectory is likely to path through
this cone (diabatically) and propagate on the same surface,
now called 1 2A0 (2A1). This trajectory was found to meet

another conical intersection with 2 2A00 (2B1) at t ¼ 63:3 fs,
corresponding approximately to the second in Fig. 2. Al-
though the probability of making non-adiabatic transition from
2 2A0 (2A1) to 2 2A00 (2B1) is not large at each crossing, the
trajectory continued on 2 2A0 (2A1) vibrates repeatedly within
its attractive potential well and crosses with 2 2A00 (2B1) many
times, giving this non-adiabatic transition non-negligible prob-
ability. The trajectories that made transition to 2 2A00 (2B1)
can lose internal energy and give ‘‘cyclic’’ N3 species in the
2B1/

2A2 conical intersection region (the third ) or some of
them may dissociate to N (1D) + N2.

Although hard to confirm experimentally, this kind of pro-
posed complex pathway provides insight into the mechanism
of chemical reactions involving multiple potential surfaces.
We feel that there are still many basic matters to learn from
relatively simple molecular systems.

3. Formation and Growth of Carbon Nanostructures

3.1 ‘‘Shrinking Hot Giant Fullerene Road’’ of Fullerene
Formation. Despite all the activities concerning fullerenes,
the mechanism of formation of fullerenes from small carbon
clusters is not known.6 Many hypothetical models have been
proposed, including ‘‘nautilus model,’’ ‘‘pentagon road,’’ ‘‘full-
erene road,’’ ‘‘ring-stacking,’’ and ‘‘ring fusion spiral zipper’’
mechanism, but none of them has any solid foundation.7 More-
over, these mechanisms rely on a principle by which the highly
symmetric fullerene cage is built from smaller units in a sys-
tematic, step-wise way. The violent conditions of fullerene
formation make such an organized approach very implausible.

Traditional quantum chemical approaches to find transition
states and intermediates through growth pathways have been
attempted, but one recognizes immediately that there are too
many possible pathways. Hot carbon vapor is a system far
from thermodynamic equilibrium, and such systems may give
rise to auto-catalysis and self-assembly processes associated
with irreversible processes.8 Therefore, molecular dynamics
(MD) approach has to be used in which many pathways are
explored by trajectories, and trajectories have to be run a long
time (>100 ps).

In long time MD, inexpensive MM potential is typically
adopted. MM, which usually cannot describe bond-breaking
and formation process, can be modified to treat bond-breaking
and formation and has been used for carbon cluster simula-
tions.9 However, the reactivity of sp2-carbon is controlled by
�-conjugation, as known from the Hückel age, and this neces-
sitates quantum mechanics (QM). It turned out that DFT, a
typical QM method, is about 106 more expensive than MM
and cannot be used for simulation of >100 ps. We found that
the density functional tight-binding (DFTB) method,10 an
approximate or semiempirical quantum mechanical method,
is 102{3 times faster than the DFT method, properly treats
�-electrons, gives reasonable qualitative reliability, and still
is fast enough for dynamics. It should be noted that there
have been some simulations of fullerene and carbon nano-
structure formation using the reactive MM, and nanosecond
or longer has been proposed as the time scale for the self-
assembly.11

We (Irle, Zheng, Wang, et al.)12 have performed extensive
QM/MD simulation of the formation of fullerenes from small
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Fig. 2. Cut of potential energy surfaces of N3 molecule,
and qualitative pathway for formation of cyclic N3 from
bent excited N3 formed by photodissociation dissociation
of ClN3 on the S7 state, which dissociates to give an excit-
ed state of N3 at a bent geometry ( ) and traverses through
various conical intersections ( ) to produce cyclic N3

(2B1).
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carbon fragments. Based on the results, we have proposed a
new mechanism of fullerene formation, called ‘‘Shrinking
Hot Giant’’ road, as illustrated in Fig. 3.12e We were able to
‘‘make’’ fullerenes in QM/MD simulation when pretty high-
concentration of small carbon fragments, for instance 60 C2

molecules in 30 Å cubic box, are heated at 2000 to 3000K
and further supplied with additional 10 C2 molecules several
times every 6 ps. The addition serves only in the interest of
computer resource reduction, we have later achieved the same
result by supplying all C2 molecules from the beginning.12g

The entire self-assembly (size-up) process went through three
different stages: 1. nucleation of polycyclic structures from
entangled polyyne chains (irreversible carbon sp2 re-hybridiza-
tion from sp-hybridized polyynes), 2. repeated growth via
‘‘octopus-on-the-rock’’ structures, consisting of the familiar
ring condensation of carbon chains and rings attached to the
hexagon and pentagon containing nucleus as well as the
chain-growth by addition of more C2 fragments to the periph-
erals, and finally 3. cage closure where polyyne chains reach
over the opening and ‘‘zip’’ them closed, which is likewise ir-
reversible due to the gain of energy in eliminating all dangling
bonds. We were able to make about 20 fullerene-like cage
structures in approximately 5–25% of trajectories (depending
on the carbon density; the rest producing irregular octopus-
on-the-rock structures resembling more like graphenes and
chains without cage), suggesting that the cage formation
through this mechanism is not a rare event.

The ‘‘size-up’’ self-assembly process forming a cage from
C2 fragments is completed in 40–100 ps (104.1 ps in the exam-

ple in Fig. 3), much faster than the MM/MD simulations sug-
gested, because of high reactivity of unsaturated �-electron
systems. Another interesting feature of the successful trajecto-
ries is that only ‘‘giant fullerenes’’ containing 100 to over 200
carbon atoms in the cage are formed, with chains (‘‘antennae’’)
of polyynes attached on the surface. We could not make any
C60 or other smaller fullerenes found commonly in experi-
ments. In order to form a cage structure, a curvature has to
build up by creating five-membered rings at strategic points.
Although many five-membered rings as well as six- and seven-
membered rings are formed, a steep curvature needed for for-
mation of smaller fullerenes is very hard to come by and a
large number of carbon atoms are needed to gradually build
curvature and close a cage.

Then, the next question is how smaller common fullerenes
are formed. In order to see whether giant fullerenes formed
above can become smaller, we continued heating the structures
formed above and show an example in the second half of
Fig. 3. The antenna chains were found to ‘‘fall off’’ quickly
within a few tens of ps after the closure. Then, C2 fragments
were found to ‘‘pop out’’ from the vibrationally hot cage very
slowly at an average rate of roughly one C2 fragment for every
few to several tens of ps. Prerequisite for the formation of a
pop-out C2 unit is violent motion concentrated in a specific
part of giant fullerenes, and that these motions occasionally
set ‘‘wobbling C2’’ units free, leaving a radical center at the
other end of the now opened cage that closes again quickly.
As giant fullerenes shrink and become more and more spheri-
cal, such pop-out events occur less and less frequently, and

0.0 ps 0.1 ps 1.6 ps 8.5 ps 14.5 ps

40.2 ps 56.8 ps 81.1 ps 94.7 ps 104.1 ps

158.1 ps 320.1 ps 320.4 ps 360.0 ps 361.5 ps

Fig. 3. ‘‘Shrinking Hot Giant Fullerene’’ mechanism of fullerene formation from small carbon fragments. The self-assembly (size-
up) process (up to 104.1 ps in this example) took place through different stages: nucleation of polycyclic structures from entangled
polyyne chains, 2. repeated growth via ‘‘octopus-on-the-rock’’ structures, consisting of the familiar ring condensation of carbon
chains and rings attached to the hexagon and pentagon containing nucleus as well as the chain-growth by addition of more C2

fragments to the peripherals, and finally 3. cage closure where polyyne chains reach over the opening and ‘‘zip’’ them closed. Only
giant fullerenes are formed. The size-down or shrinking process shed the antennae chains quickly and then very slowly loses C2

fragments from giant fullerenes by ‘‘pop-out’’ events (seen at 320.4 ps) to produce smaller fullerenes (Adapted from Irle et al.,
Ref. 12g. Reprinted with permission. Copyright 2006 World Scientific Publishing Company).
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the shrinking is significantly slowed down. We proposed that
this slow but long ‘‘size-down’’ process eventually results in
thermal distribution of a variety of fullerenes.

This fullerene formation mechanism is a good example
for dynamic self-assembly leading to dissipative structures
far from thermodynamic equilibrium, and the ‘‘shrinking hot
giant’’ road we proposed provides a natural explanation for
the observed cage size distributions by way of a random opti-
mization process consistent with several important experi-
mental observations. Recently, we have been studying using
DFTB/MD the mechanism of formation of metallofullerenes,
fullerenes with metal atoms inside the cage.13 Different metals
show different behaviors. For instance, Sc atoms interacts
with the forming open-cage fullerene structure weakly and
prefers to stay in the vicinity of the mouth of the open-cage,
and when the cage closes, it tends to be excluded from inside
the cage. On the other hand, Ti atoms interacts with the inside
of open cage and tend to be trapped more inside the cage when
closed.

3.2 Mechanism of Growth of Carbon Nanotubes on SiC
Surface during Thermal Decomposition. Carbon nano-
tubes are grown in most cases using a variety of techniques
(such as arc discharge or laser vaporization of graphite as well
as chemical vapor deposition) in the presence of transition
metal catalysts.14 In an exceptional case, carbon nanotube
can be grown on the SiC surface by high-temperature thermal
decomposition.15 In this case, nobody knows how but every-
body assumes that Si atoms depart the system leaving behind
carbons to reorganize. The growth mechanism of carbon nano-
tubes has been a subject of active studies, but has not been well
established.15b

We (Irle, Wang, Zheng, et al.)16 used the DFTB-based
QM/MD method here again to study the mechanism of carbon
nanotube growth on the SiC surface. High-temperature simula-
tions have been performed on model systems of ‘‘thin’’ SiC
crystal surfaces with two graphene sheets placed on top of
either C or Si face. In agreement with experiment, we find that,
as shown in Fig. 4A, the C face-attached graphene layer warps
readily to form small diameter, stable nanocaps, and anneals
to dome-shape structures with zigzag chirality. On the other
hand, the Si face-attached graphene sheet does not readily
warp and forms more volatile Si–graphene bonds. Our explan-
ations are as follows: 1. CNT caps only nucleate on the C-face
due to the two antagonistic forces attempting to form a bal-
ance: formation of strong C–C bonds between top–layer gra-
phene and dangling C surface valences on one hand, and the
resistance of the planar sp2 graphene sheet to take non-planar
sp3 hybridization. 2. Si atom removal leads to unstable carbon
species with dangling bonds which make stable connections
with existing carbon material on the surface, thereby con-
tinuing to grow existing caps into tubes. 3. Dangling C atoms
on the Si-face are protected by the Si atoms as opposed to
the C-face, and rather tend to form graphene layers among
themselves.

In order to further simulate the growth of carbon nanotube,
we used a slightly different model and continued heating the
C-face of SiC, starting with the dome structure formed above.
Si atoms did not evaporate from the surface for several hun-
dred ps even at 2000–3000K. Since nobody knows how Si
atoms leave and this process may take a long time, we decided
to remove Si atoms in the top layer artificially, all of them
together at once (‘‘magic carpet’’ removal) or individually at

 0 ps, cap 6 ps, remove Si 18 ps, end of cycle 1

36 ps, cycle 2
90 ps, cycle 572 ps, cycle 4

12.1 ps0.0 ps 0.3 ps 1.2 ps

(A) Initial dome formation

(B) Further growth

Fig. 4. (A) Initial formation of carbon dome on the C-face of surface of SiC. (B) Growth of carbon nanotube form the initial carbon
dome. The top silicon layer was removed suddenly at 6 ps and very 18 ps thereafter (Adapted from Wang et al., Ref. 16b. Reprint-
ed with permission. Copyright 2007 American Chemical Society.).
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random positions with various periods of removal time. Then,
the system was propagated for 12 ps at 2000K, then a new CSi
layer was added to the bottom of the model and the system was
propagated for 6 ps before new Si removal process was per-
formed; this cycle was repeated several times. The results
for magic carpet removal (those of random removal are similar
but less systematic) are shown in Fig. 4B. We observed that
some initial surface carbon atoms are lost as C2 units, since
they suddenly lost their Si bond partners. However, most unfil-
led valences of the two freshly cleaved surface atoms quickly
combine into new bonds connecting both layers during the
subsequent continued heating at 2000K, in part facilitating
short polyyne chains that are common during QM/MD simu-
lations of high-energy forms of carbon, and which are also
found experimentally in high-energy-conditions derived car-
bon structures. The ‘‘arms of the octopus-on-the-rock’’ clusters
that we had observed during fullerene self-assembly are here
‘‘tied down’’ to the surface, effectively preventing closure of
a cage structure, and enabling continued tube sidewall growth
in perpendicular direction to the surface. The cap re-attach-
ment process actually occurs very fast; after 0.36 ps of the
‘‘magic carpet’’ removal, half of the cap border atoms are
already connected to the freshly exposed C surface underneath.
Since the cap region does not immediately attach to the SiC
surface, the nanocap superstructure becomes visibly ‘‘loose’’
at its dangling side and starts to lose curvature due to the
tendency of the �-conjugated sheet towards planarity.

In this structure, we find that the majority of C–Si bonds
connecting the CNT to the Si layer are of zigzag type as in
the initial structure. The tubes ‘‘grown’’ in our simulations
display many sidewall defects, consistent with experimental
findings. During random removal of Si on the C-face, we also
observe first indications for growth of a second inner tube, as
well as buildup of amorphous carbon around the tube/surface
interface.

The QM/MD simulation provide insights to the mechanism
of fullerene formation and nanotube growth, which is very dif-
ficult to clarify experimentally. Growth of carbon nanotubes
on the transition-metal cluster is the next target of our QM/
MD study.

4. Homogeneous Catalyses and Reactions
of Transition-Metal Complexes

We started working on the mechanism of homogeneous
catalytic reactions by calculating structures and energies of
transition states and intermediates of many elementary steps
a little over twenty five years ago. At that time, we encoun-
tered a substantial resistance by experimentalists saying that
such information is not important in understanding complicat-
ed catalytic processes. In the last decades or so theoretical
studies of catalytic processes have gained substantial accept-
ance by experimentalists and proliferation, making it harder
to find a paper without theoretical/computational considera-
tion. Reaction pathways of many elementary reactions includ-
ing oxidative addition, reductive elimination, olefin insertion,
metathesis, and bond activation, are now well understood
theoretically.17 However there are several challenges in this
field, which we will discuss using our examples.

4.1 Activation of Nitrogen Molecule by Zr Complexes—

Subtle Effects of Ligands. One of the present challenges of
theoretical studies in homogenous catalysis are adoption of
realistic models. In order to tackle intricate effects of different
ligands on the mechanism and chemo- and stereo-selectivities,
one has to adopt real or realistic models. Nowadays systems
containing around hundred or more atoms can be treated
by density functional methods or hybrid methods such as
ONIOM and OM/MM, allowing to include real ligands as well
as some solvent molecules or counter ions, if needed, in the
model.

As an example of the effects of subtle difference in the
structure of catalyst, here we discuss the activation of nitrogen
molecule by metallocence complexes. The activation of mo-
lecular nitrogen has been a very active field of research both
experimentally and theoretically.18 Recent experimental stud-
ies19 have shown that zirconocene with four methyl groups
on each cyclopentadienyl (C5Me4H) activates N2 molecule
to react with three hydrogen molecules under mild condition,
while zirconocene with pentamethylcyclopentadienyl (C5Me5)
cannot make N2 react with any H2. These zirconocenes
at first form a dimeric N2 complex, (Cp2Zr)(N2)(ZrCp2),
where Cp = C5Me4H and C5Me5. Our (Bobadova-Parvanova,
Musaev, et al.)20 theoretical calculations have showed that
there are two forms of dimeric N2 complexes, end-on and
side-on. The side-on complexes with strong interactions of
metal d orbitals with two sets of N2 � orbitals activate the
N2 molecule to have a long NN distance, so that hydrogen
molecule can react easily with this activated N2. It tuned out
among the side-on complexes there is virtually no difference
between Cp = C5Me4H and C5Me5 in the activation energy
for the reaction of H2 molecule. On the other hand, the end-
on N2 complex has rather weak metal–N2 interaction and the
unactivated N2 in this complex cannot react with any H2 mole-
cule. As shown in Fig. 5, the most stable form of the dimeric
N2 complex for Cp = C5Me4H is a side-on type which reacts
H2 easily. On the other hand, for Cp = C5Me5 because of
steric repulsion between methyl groups on different Zr centers,
the side-on complex becomes less stable, and the end-on com-
plex is the most stable form and does not react with any H2

molecule.
Another intriguing question is why the present zirconocene

N2 complex (called Chirik complex) reacts with three H2

molecules, while another complex, zirconium diimine N2 com-
plex, (called Fryzuk complex, see Fig. 6)18 reacts with only
one H2 molecule under mild condition. Our calculated poten-
tial energy profiles for the reaction of the first two H2 mole-
cules for both complexes are shown in Fig. 6. The barrier
for the first H2 reaction at the TS 1 A3 is about the same for
both complexes, both of them should react easily. However,
there is a large difference between the two complexes for the
second H2 reaction. For the Chirik complex, the most stable
form of the H2-adduct (A3) has one H atom on N and the other
on Zr. Addition of the second H2 molecule to this complex
takes place with a reasonable barrier at TS A5 2. On the other
hand, although the nascent form of the adduct for the Fryzuk
complex is also A3, this complex bends the Z–N2–Zr angle
and moves the hydrogen atom originally on Zr to the bridge
position between two Zr’s (A7). This is about 10 kcalmol�1

more stable than A3 forming a trap. The second H2 addition
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from A7 has a very high barrier at A7 B3 and cannot take
place. The Fryzuk ligand is too flexible, allowing the forma-
tion of a stable trapping intermediate. These theoretical calcu-
lations have provided insights and guiding principles into intri-

cate effects of substituents and ligands that would not be avail-
able easily from experimental studies.

4.2 Olefin Epoxidation by Salen Complex—Contribution
of Different Spin States. The second challenge in homo-
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genous catalysis is explicit consideration of different spin
states in the catalysts. Transition-metal complexes, in particu-
lar those of first raw transition metals, can easily take different
spin states as well as different oxidation states. It has become
clearer recently that some catalytic reactions may cascade
through different spin states during the course of the reaction.
This is sometimes called two-state reaction.21 The energy
minimum on the seam of crossing (MSX) between the poten-
tial energy surfaces of different spin states can be considered
as the ‘‘transition state’’ for the spin-crossing reaction and
can be optimized via energy gradient method.22 A major prob-
lem in the DFT approach is that the relative energies of differ-
ent spin states depend very sensitively to the amount of the
‘‘exact’’ exchange included in the most commonly used hybrid
density function approaches, and the preferred amount of ex-
change varies case by case. Reliability of a particular hybrid
functional for a particular series of compounds has to be tested
against experiment or a more reliable theoretical approach,
such as coupled-cluster method.23

There are now many documented cases of such multi-state
reactions. Here, we show as an example the potential energy
profile of stepwise pathway of olefin epoxidation by MnIII–
Salen acylperoxo complex, from our (Khavrutskii, Musaev,
et al.)24 extensive studies of reactive species and reaction
mechanisms of olefin epoxidation and oxidation reactions by
Salen complexes. The ground state of MnIII–Salen acylperoxo
complex (Y = O, Z = N from Salen), as shown in Fig. 7, was
found to be a quintet state. This complex does not react di-
rectly with olefin but is at first converted to MnV–oxo acyl
complex. The TS for this conversion in the quintet state is high
in energy. However, the TS in the triplet state lies substantially
lower in energy than the quintet. An MSX for spin flip has

been located not far from the structure of the acylperoxo com-
plex with rather low energy. Thus, the most likely pathway
for the reaction is to cross-over from quintet to triplet in the
vicinity of the acylperoxo complex, and then follow the triplet
pathway through the conversion TS, react with olefin in the
triplet through TS1 to produce a biradical intermediate, where
triplet and quintet has the same energy, and release epoxide to
regenerate MnIII quintet complex.

4.3 Cooperative Effects of Multiple Metal Centers. The
third challenges are cooperative effects of multiple metal
centers, as often found in multi-metal or cluster complexes.
There are reactions that take place only on multiple metal cen-
ters as a result of metal cooperative effects. Here, I show our
(Khoroshun, Musaev, et al.)25 little old but still benchmark
study of reaction of a tri-ruthenium complex, (Cp�)3Ru3H5

with cyclopentadiene (C5H6) leading to formation of the tri-
nuclear 2-methylruthenacyclopentadien, although the reaction
itself may not have major catalytic significance. As shown in
Fig. 8, this complex A1 reacts with cyclopentadiene and forms
an intermediate A13, which converts to the product B8. Many
possible concerted and stepwise reaction pathways have been
followed theoretically, some of which looking promising at
an early stage of reaction ended up at the dead end with a high
barrier in a following step. At the end the best reaction path-
ways obtained are shown in Fig. 8. In these pathways, the
pentahydrido reactant A1 loses a hydrogen molecule and coor-
dinates cyclopentadiene either via a dissociative or an associa-
tive pathway to generate a trihydrido cyclopentadiene complex
A12. One of the Ru atoms in this complex then inserts into a
cyclopentadiene C(sp2)–C(sp3) bond to form the experimental-
ly observed intermediate A13, which in turn goes through a
series of C–H bond formation and cleavage and leads to the
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experimental final product B8. The calculated rate-determining
barrier is in good agreement with experiment. An intriguing
finding is that the reaction proceeds through many steps, each
of which performs one simple task of H transfer among tri-
bridged, bridged and terminal positions, pseudorotation around
a metal center, coordination and bond formation and breaking.
Detailed examination of the structures of intermediates and
transition states reveals fascinating collaboration of three
metal centers in almost every step of reaction. For instance,
the structure of TS–B5–B6 in Fig. 8 shows that while the
reaction coordinate is the transfer of one H atom from C4 to
Ru3, Ru2 holds the C4H3 bond to keep the C4H2 bond to
the direction of Ru3, and Ru1 interacts with C1–C2 double
bond to anchor the substrate at the proper position; a synerget-
ic effort of the three metals to accomplish the goal efficiently.
More and more examples are emerging concerning cooperative
effects of multiple metal centers, and theoretical studies can
provide insight into the electronic origin of such effects.

In this section we showed some examples in which compu-
tational studies provided very useful information that is not
available experimentally; such as why a small difference in
substituents makes a large difference in reactivity, what spin
states are responsible to reactivity, and an example of origin
of cooperativity of multiple metal centers. Computational/
theoretical results have already been used in many patents of
homogenous catalysts. I feel that the collaboration between
theory and experiment will remain or become more important
in the future of catalysis studies.

5. Structure and Reactions of Metalloenzymes
and Effects of Protein Environment

Understanding of the mechanism of enzymatic reaction,
chemical reaction inside protein, is the largest challenge of
theoretical/computational studies of mechanisms of chemical
reactions, although this has become a very active field of
research last decades or so. Enzyme is a large complex collec-
tion of amino acid residues with some metals, ligands and
water and other molecules, and theoretical approaches require
a substantial approximation. We may consider such studies in
three different levels of approaches.26

i). Active site only model. In this approach one considers
only atoms of the active site (including real or model ligands
in the first coordination shell around the central metals or other
active centers), substrates and water molecules directly in-
volved in the reaction. Nowadays active site models typically
contain around 100 atoms. The structures of reactants, inter-
mediates, and transition states of this model reaction system
are optimized with an appropriate QM method (nowadays
mostly at a DFT level), activation barriers are evaluated and
the reaction mechanisms are discussed. The active site only
approach should work better for metalloenzymes where reac-
tions tend to occur localized in the vicinity of metals than
for non-metal enzymes where reactions may be take place
delocalized in a wider area. In this approach, any explicit
effects of protein environment are completely neglected or
are approximated by a homogenous dielectric medium.
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ii). Protein model with geometry optimization. Here, typi-
cally starting with an X-ray structure of the protein (including
some water molecules), a model is designed by selecting atoms
within a certain range from the metal centers (mending dan-
gling bonds in the protein backbones by appropriate groups).
Then, one adds hydrogen atoms and substrates, if not included
in X-ray structure, to construct a model typically containing
thousands of atoms. Geometry optimization (full or typically
under certain constraints) is performed for complexes, inter-
mediates and transition states and calculate barriers. Since
the conformational space of the protein is very extensive, care
must be taken so that changes in protein structure are directly
coupled to the reaction coordinate, and not to arbitrary confor-
mational changes during the optimization. A conservative
solution is to use similar structures for reactant and product,
but even this is technically very difficult to achieve and often
requires improved optimization algorithms27 to stay in the
same local MM minima during a reaction step. Since it is
impossible to perform QM calculations for such a large sys-
tem, a hybrid method, such as QM/MM and ONIOM method,
is adopted, in which the system is divided in parts where a
more accurate method (e.g., DFT) is used where the reaction
actually takes place and less accurate methods (e.g. semi-
empirical QM or MM) are used for less important regions of
the system. Comparison of the results of the protein model
with those of the active-site model reveals the role of protein
environment in the reaction.

iii). Statistical average of protein motion/conformations and
free energy calculation. In order to sample a large conforma-
tional space of protein, it is desirable to take statistical average
of conformational space and obtain a ‘‘free energy’’ reaction
profile. The most popular method used in protein models,
DFT/MM, is still very expensive for statistical averaging
and there are only very few free energy calculations published
at this level. However, different efforts have been made, in-
cluding statistical averaging at a lower level (say pure MM
or semi-empirical QM/MM) combined with DFT/MM calcu-
lations. Accurate description of statistics and dynamics of
reactions of large molecular systems like enzymes is a major
challenge at present and I expect great activities in this area
for the coming decade.

In this section, we concentrate on the approach ii) above and
discuss some examples we have studied with the protein model
(using ONIOM DFT:MM) as well as the active site model
(DFT) with geometry optimization.

5.1 Isopenicillin N-Synthase—Substantial Effects of
Protein Environment on Energetics. The first example
(Lundberg, et al.)28 is the conversion of the linear tripeptide
substrate �-(L-�-aminoadipoyl)-L-cysteinyl-D-valine (ACV) to
isopenicillin N by the use of a molecular oxygen catalyzed by
isopenicillin N-synthase (IPNS), a non-heme iron enzyme.29

Here, the real system we adopted contains 5386 atoms, while
the active site model or the QM part consists of 65 atoms
(or less in later stages when some products were removed).
Figure 9 shows the potential energy profiles of the entire cat-
alytic process following the proposed mechanism consisting of
several steps of reactions. The potential profile using the active
site model is qualitatively similar to that with the protein
model obtained with the ONIOM(DFT:MM) method, with

an average difference of barriers of ca. 3 kcalmol�1. However,
the largest difference is 10 kcalmol�1 in the rate-determining
first activation step. This difference makes the reaction easy
to occur from difficult to occur in room temperature, a typical
role of a catalyst in catalytic reaction. Related to this is the
observation that coordination of molecular oxygen at the be-
ginning of the catalytic cycle becomes from endothermic to
thermoneutral in the presence of protein environment. Detailed
analysis of QM part and various MM energy components clari-
fies the origin of energy changes, as commented directly in
Fig. 9. This analysis indicates that the van der Waals interac-
tion between the oxygen molecule and near-by protein resi-
dues, neglected in the active-site-only model, favors oxygen
binding.

5.2 Glutathione Peroxidases—Small Protein Environ-
ment Effect on Energetics. Glutathione peroxidases (GPx)
are a family of selenoproteins, which show a strong anti-oxi-
dant activity and protect cells against oxidative damage.30

These enzymes use glutathione to reduce reactive oxygen
species like hydrogen peroxide and organic peroxides. We
(Prabhakar, Musaev, et al.)31 have carried out extensive com-
putational studies on the structure and reactivities of GPx with
both the active site DFT model (86 atoms) and the protein
ONIOM DFT:MM model (with the entire monomer of GPx
of 3113 atoms plus two water molecules), as shown in
Figs. 10B and 10A, respectively. For this system a comparison
of the active site structure from the ONIOM optimized struc-
ture and that from the X-ray structure, which usually agree
well, showed unusual RMS errors. Calculations performed
with two additional water molecules at the active site reduced
the RMS deviation and suggested the presence of water mole-
cules (missed in the X-ray structure) in the active site of GPx.
These water molecules turned out to be important and partici-
pate in the enzymatic reaction.

The total catalytic reaction in GPx can be divided into
three steps. The first reaction of the catalytic process,
(E-SeH) + H2O2 ! (E-SeOH) + H2O, proceeds via a step-
wise pathway with an overall barrier of 17.1 kcalmol�1,
in good agreement with the experimental barrier of 14.9
kcalmol�1. During the reaction, Gln83 residue plays a key
role as a proton acceptor, also consistent with experiments.
The second step, (E-SeOH) + GSH ! (E-Se-SG) + H2O,
proceeds with a barrier of 17.9 kcalmol�1. The third step,
(E-Se-SG) + GSH ! (E-SeH) + GS-SG, is initiated by the
coordination of the second glutathione molecule. The calcula-
tions suggest that the amide backbone of Gly50 residue direct-
ly participates in this reaction. The two water molecules are
absolutely vital because they act as proton shuttles between
the second glutathione molecule and the selenocysteine resi-
due. This reaction proceeds with the barrier of 21.5 kcalmol�1,
and is suggested to be a rate-determining step of the entire GPx
catalyzed reaction. For the present reaction, the effect of sur-
rounding protein on the potential energy profile is small, as
illustrated in Fig. 10C for the first reaction step. A possible
reason for the small protein effects could be that in this en-
zyme the active site is located on the interface of two mono-
mer, rather than deeply buried inside the protein. We also not-
ed that the protein environment had substantial effects on the
active-site geometry. The reason this does not affect the total
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barrier height is that when comparing transition state and reac-
tant, the protein effect appears to be relatively similar and does
not change activation energy.

5.3 Methylmalonyl-CoA Mutase—Positive Participation
of Protein Environments in Reaction Coordinate. Methyl-
malonyl-CoA mutase (MCM) catalyzes a radical-based trans-
formation of methylmalonyl-CoA (MCA) to succinyl-CoA.32

The cofactor adenosylcobalamin (AdoCbl) serves as a radical
reservoir that generates the 50-deoxyadenosine radical (dAdo�)
via homolysis of the Co–C50 bond (Fig. 11B). The mechanism
by which the enzyme stabilizes the homolysis products and
achieve an observed �1012-fold rate acceleration is not yet
fully understood. Co–C bond homolysis is directly kinetically
coupled to the proceeding hydrogen atom transfer step and the
products of the bond homolysis step have therefore not been
experimentally characterized. Recently, we (Kwiecien et al.)33

performed an ONIOM QM:MM study to reveal the role of the
protein in the rupture of the Co–C50 bond. The ONIOM protein
system contains the substrate, methylmalonyl-CoA, bound to
the active site, the cofactor (AdoCbl) and all amino acids
within a 15-Å radius from the cobalt atom, and the active-site
(QM part) contains a truncated AdoCbl and the imidazole ring
of its lower ligand, as shown in Fig. 11A. The potential energy
profile for the Co–C50 bond homolysis obtained in the ONIOM
calculation is shown in Fig. 11C. The comparison of optimized
structures of initial enzyme (R), intermediate (I), and transi-
tion state (TS) (see Fig. 11D) indicates that a dramatic change
in the conformational features of the dAdo moiety has taken

place between R and I. This conformational change caused
slight Co–C50 bond elongation, which is connected to a desta-
bilization of the AdoCbl. The subsequent homolysis from I is
characterized by a very small energy barrier of �3 kcalmol�1

and is exothermic by �7:5 kcalmol�1. Thus in the case of
MCM, change in the protein environment around the active
site is a part of the reaction coordinate, and it is essential to
include this protein environment for calculating the energy
profile of cobalt–carbon bond homolysis.

Although we do not have many examples yet, our ONIOM
studies on the effects of protein environments in metalloenzy-
matic reactions have revealed some different situations. Typi-
cally, we found that the protein environment does not change
the reaction pathway or mechanism of metalloenzymatic reac-
tions but does change the energetics and therefore the rate of
reaction, a typical role of a catalyst. We also saw a case where
the effect of protein on energetics is small, when the active site
is on the surface of protein or when the protein effects on the
transition state is comparable to that on the reactant. We also
saw a case in which the protein environment is an active
participant in the reaction, where the active site only model
will totally fail in describing the reaction pathway or reaction
coordinate.

The task is just started to learn more about the reaction of
enzymes from computational studies. More realistic models,
more reliable calculations, more statistical averaging, and long
time dynamics—with all these, on some day we hope to under-
stand enzymatic reactions much better than we do now.

(A)

(D)

(C)

(B)

Fig. 11. (A) QM (ball-and-stick) and MM part of the model of MCM. (B) The step i of this reaction is studied here. (C) The
potential energy profile in the protein. (D) The superposition of the active site conformations at the initial structure (S in (C), grey)
and the transition structure (TS, blue) (Adapted from Kwiecien et al., Ref. 33. Reprinted with permission. Copyright 2006
American Chemical Society.).
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6. Perspective

The theoretical/computational study of chemical reactions
has been and still is a very exciting field of chemistry. It pro-
vides insight into the detailed mechanism, pathways, energet-
ics, dynamics of complex reactions mechanism, the information
that is not easily available from experiments and complementa-
ry to experiments. Although quantum chemistry that gives the
optimized structures and energies of reactants, intermediates
and transition states plays the key role in this respect, in some
cases molecule dynamics is essential to represent many possible
pathways of reactions. Multiple potential energy surfaces aris-
ing from many electronic and spin states and transition among
them are key players in reactions of excited states (photochem-
istry) and some transition-metal complexes. Subtle differences
in substituent effects in organic and organometallic chemistry
make reactions chemo-, regio-, and stereo-selective, and the
control of such differences by theoretical calculations is a very
important issue that will require a lot of attention. Understand-
ing and hopefully controlling enzymatic reactions is the ulti-
mate goal of theoretical studies of complex molecular systems,
which I would say has just began a long and difficult journey.

For accurate long time simulation of complex molecular
systems, the present computing power is insufficient. For in-
stance it is not easy to run DFT/MM dynamics for ns for an
enzymatic reactions. Arrival of faster computers, including
‘‘next-generation supercomputer’’ of 10 peta flop speed sched-
uled to be in operation in 2011,34 is anxiously waited for. Such
new computers will make it possible to carry out such demand-
ing calculations and will give a great opportunity to theoreti-
cal/computational chemistry to make a profound impact in
the progress of chemical research.

In the coming decade or so, understanding chemical reac-
tions of complex molecular systems will remain to be the cen-
tral issue of theoretical/computational chemistry. In order to
accomplish this goal, we have to use all the theoretical/com-
putational methodologies available to us: quantum chemistry,
classical and quantum molecular dynamics, long time simula-
tion and statistical averaging. After fifty years of my career,
I find this field still very fascinating and believe that it will
remain exciting for the foreseeable future. I hope that younger
generations also find this field very exciting and take leader-
ship in promoting this endeavor.
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